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Abstract: Asymmetric e~^e~ colliders running on the T{4S) {B factories) will 
much more readily measure CP-violating asymmetries in the decays of B'^ and 
B^ mesons than in the decays of B^ mesons. As such, they will seemingly 
not be able to probe new phases in B'^-B'^ mixing, i.e. in 6 s transitions. 
However, by measuring the CP angle (3 via 6 — > s hadronic penguin decays 
such as Bd Tj'Kg and Bd (pKg, and comparing its value to that obtained 
in Bd "^Ks, it is possible to detect the presence of new physics in the 
b ^ s flavour-changing neutral current. Recent CLEO results are encouraging 
in this regard. They suggest that the branching ratio of the b —>■ s penguin 
decay B^ — > rj'Kg is anomalously large, about 4 x 10"^, which will make it 
much easier to search for new physics in 6 — s transitions. 



To date, the only experimental evidence for CP violation in the weak interactions 
comes from the kaon system, where CP violation in K^-K^ mixing has been observed. 
According to the standard model (SM), this CP violation is due to a complex phase in the 
Cabibbo-Kobayashi-Maskawa (CKM) matrix. Within the Wolfenstein parametrization of 
the CKM matrix the only elements which have non-negligible phases are Vtd and Vub'- 

/ 1-|A2 A A\\p-ir])\ 

VcKM =\ -A 1 - |A2 , (1) 

V AA3(1 -p-ir]) ~A\^ 1 ) 

where A = 0.22 is the Cabibbo angle. These two complex matrix elements are con- 
ventionally parametrized as Vtd = | Vtd| exp(— -i/?) and Vub = iKibl exp(— 27). The phase 
information in the CKM matrix can be elegantly displayed using the well-known unitar- 
ity triangle (Fig. which is due to the orthogonality of the first and third columns of 
the CKM matrix. 

In the coming years, this explanation of CP violation will be tested at B factories with 
the BABAR, BELLE and CLEO detectors. The three angles of the unitarity triangle, 
a, (3 and 7 can be extracted through the measurements of CP-violating asymmetries in 
B decays to hadronic final states 0. For example, the CP asymmetries in B^ — > tt+tt" 
and Bd — > '^Ks probe a and (3, respectively, and the angle 7 can be extracted from the 
CP asymmetry in B^ —>■ DK^ In all cases, the CP phases can be obtained with 
virtually no hadronic uncertainty. (For the extraction of a, since penguins are unlikely to 
be negligible, an isospin analysis (for the 27r final state [Q) and/or a Dalitz plot analysis 
(Stt final state [Q) will probably be necessary.) Of course, there are many other decays 
which can be used to obtain the CP angles, but those mentioned above are the ones which 
are most often discussed - they have become the "standard" decay modes. 

One alternative way of measuring 7 is via the CP asymmetry in Bg DfK^ |^. 
However, since in all probability the B factories are not going to be able to measure CP 
asymmetries in 5° decays, this method will not be available. This will be an important 
point in the following discussion. 

If there is new physics, there are basically three ways in which it can show up in 
measurements of CP asymmetries 

• The relation a-|-/5-|-7 = 7ris violated. 

• Although a + -|- 7 = TT, one finds values for the CP phases which are outside of 
the SM predictions. 

• The CP angles measured are consistent with the SM predictions, and add up to 180°, 
but are inconsistent with the measurements of the sides of the unitarity triangle. 
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Figure 1: The unitarity triangle. The angles a, (3 and 7 can be measured via CP violation 
in the B system. 



The principal way in which physics beyond the SM affects the CP asymmetries is via new 
contributions to B^-B^ mixing. There are, in fact, many models of new physics which 
can significantly affect this mixing 0. However, because B factories will not measure 
CP asymmetries involving 5° mesons, the measurements will be sensitive only to new 
physics in B^-B'^ mixing, i.e. in the h ^ d flavor-changing neutral current (FCNC). This 
has the consequence that if, as is expected, a and (3 are measured using CP asymmetries 
involving B^ decays, and 7 is obtained via i?^ DK^, the B factories will automatically 
flnd that a + P + 'j = n This is because any new-physics effects in B^-B^ mixing 
cancel when a and (3 are added, and there are no mixing effects in the measurement of 
7. If, on the other hand, 7 were measured using 5° decays, it would be possible to flnd 
a + l3 + '~fy^7Tif there were new phases in B^-B'^ mixing, i.e. in the b —>■ s FCNC. 

Now, it is conceivable that the new physics signiflcantly affects the b ^ s FCNC, 
without affecting the b ^ d FCNC appreciably. It would be a shame if this possibility 
remained untested at the B factories. Is it really impossible to detect any new phases 
appearing in B'^-B^ mixing? 

Fortunately, the answer to this question is no. It is in fact possible to detect new 
phases in the 6 — > s FCNC, but in a somewhat different way. One of the alternative 
possibihties for measuring the angle /3 involves 6 — > s penguin decays 0. Such decays, 
being dominated by virtual t-quarks, involve the combination of CKM matrix elements 
V^lVts, which is real in the Wolfenstein parametrization. Thus, in the context of the SM, 
if one measures the CP asymmetry in 5^ ^ f, where / is a CP eigenstate and the decay 
is dominated by a 6 s hadronic penguin, one is probing the phase of B^-B^ mixing, 
which is simply (3. 



3 



The key point here is that this is the same CKM phase as that probed iia^Bj "^Kg. 
Therefore, if one finds a discrepancy between the values of (3 as measured in Bd —>■ "^Kg 
and in hadronic b ^ s penguins, this clearly points to new physics, with new phases, in 
the 6 — > s FCNC In particular, it indicates that there are new amplitudes contributing 



to these hadronic b ^ s penguin decays [|T0|- This same new physics will, in general, also 
lead to new phases in B^^-B^ mixing, and hence to disagreements with the SM predictions 
for CP asymmetries in 5° decays. Thus, by measuring (3 in hadronic b ^ s penguins, one 
is performing essentially the same tests as if one measured CP asymmetries in 5^ decays. 
(Note that this holds even if there is new physics in B^-B^ mixing.) 

There are several models of new physics which can lead to new phases in the 6 — > s 



FCNC 0, 10]: four generations, non- minimal supersymmetric models such as effective 



supersymmetry |]ri|, and models with enhanced chromomagnetic dipole operators . 
Models with Z-mediated FCNC's [|l^] will affect b ^ s hadronic penguins only marginally 
0. It should also be noted that if the new physics in the b —>■ s FCNC has the same 
phase as in the SM (i.e. ~ 0), then the SM predictions will be unchanged. That is, there 
will be no discrepancy in the value of (3 extracted from B^ —>■ "^K^ and from hadronic 
b ^ s penguins. 

We now turn to an examination of the prospects for measuring (3 via b ^ s hadronic 
penguins. One needs a final state which is a CP eigenstate. The decay mode first con- 
sidered in this regard was Bd (pKg . However, there is another possibility which has 
generated considerable excitement: Bd v'^s- The reason that this mode is interesting 
is that the branching ratio for the corresponding charged B decay has recently been found 
to be anomalously large: B{B^ r]'K+) = (T.Si^i ^ 1-0) ^ 10~^ El- We therefore ex- 



pect that B{B^ — » Tj'Ks) ^ 4 X 10^^. This large branching ratio greatly improves the 
usefulness of the decay mode Bd v'^s for getting at /?. 

In fact, there are a large number of final states that can be used: (pKg, Tj'Kg, n^Ks, 
p^Kg, ujKsi f]Ks, etc. In principle, one can simply add the measured CP asymmetries 
in all of these modes, including a minus sign if the CP of the final state is negative, to 
obtain a larger signal. 

There are two comments to be made here. First, although (pK^ is pure b —>■ s penguin, 
the other final states get some contributions from the quark-level b — » uus tree diagram. 
Since the tree diagram has a different weak phase than that of the penguin, this can spoil 
the cleanliness of the method for extracting f3. In order to see how important the effect 
is, one has to estimate the ratio of the tree (T) and penguin (P) amplitudes. 

Let us first consider Bd v'^s- We write 

z = - 1 (2) 

The first piece on the right-hand side (RHS) can be estimated by a simple comparison 
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of the Feynman diagrams. The tree contribution to the decay 5° tt+tt" is color- 
allowed and is controlled by the CKM matrix elements V*fjVud- Compared to this, the 
analogous contribution to v'^s is suppressed by three factors: (i) it is colour 

suppressed, (ii) it has the CKM matrix elements V^J^Kis; which is a factor A smaller, and 
(iii) one has to include the normalizations uu ~ rj' / ^/S and ds ~ Ks/\/2. There may be 
additional S'f/(3)-breaking effects involving form factors or decay constants, but these are 
unknown and are probably of 0(1). The second piece on the RHS can be obtained from 
the measured branching ratios, assuming that the decays — > tt+tt^ and B^ — > rj'Kg 
are dominated by the tree and penguin contributions, respectively. The upper limit on 
55 TT+TT- is 1.5 X 10^ fin. We thus obtain 




where we have conservatively taken the color- suppression factor to be 02/01 = 1/3. (For B 
decays into heavier final states, the suppression factor has been found to be even smaller: 
0^2/(^1 = 0.2 [|15|.) Thus the tree contribution to B^ v'^s is negligible, so that the CP 
asymmetry in this mode does indeed measure /5 to a very good approximation. 

The ratio of T/P for the other decay modes can be calculated similarly. Isospin implies 
that the amplitude for B^ —>■ tt^Ks is half that of B^ n~K~^. From the measured 



branching ratio of 5(5^] ^ n-K+) = (l-^toltlf)) x 10"^ |T3 one therefore obtains 



-0.4-0.2)^ 

B{B^ —>■ TT^Kg) ^ 4 X 10^^. The remaining final states are not really related to n'K'^, 
but one can still estimate their branching ratios by comparing their penguin contributions 
to that of 7T-K+. In this case, one finds that B{B^ p^Ks) ^ 5(5^ ^ uoKs) ~ 4 x 10"^ 
and B[B^ —>■ rjKg) ~ 1 x 10~^. In all cases, we then obtain 

p ^ 0.04 . (4) 

Thus, these modes are also pure 6 — > s penguin to a good approximation. 

There is one detail which is worth mentioning. Due to S'f/(3) breaking, the physical 
T] and 7]' are in fact linear combinations of the 77 and rj' states used above. However, since 
in all cases the tree contribution is very small, the inclusion of rj-rj' mixing does not affect 
the analysis. 

To sum up this point, CP asymmetries in 6 — s penguins do indeed measure the CP 
angle [3. The tree contributions to these decays are quite small, at most a few percent. It 
is therefore possible to add up the measured CP asymmetries in all these modes to obtain 
a larger signal. If the value of (3 extracted in this way differs by more than about 10% 
from that found in '^Kg-, then it is a clear signal of new physics, with new phases, in the 
h ^ s FCNC. If the difference is less than about 10%, it could in principle be due to the 
tree contamination. However, this can be checked by using only the final states ipKg and 
ri'Ks (to a very good approximation). 
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The second comment concerns the standard way of extracting (3 via the CP asymmetry 
in Bd —>■ "^Kg. Given that one can also obtain j3 through b ^ s penguins, how do these 
two methods compare with one another? 

• ''Bd "^Kg-. The branching ratio is 4 x 10~^. Assuming that the is detected in 
the TT+TT^ mode (67% branching ratio), and that the \l/ is detected via its decay to 



/i^/i or e~^e (12% b.r.), the product branching ratio for B^ "^K^ is ~ 32 x 10 
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^Bd — >■ Tj'Kg-. The branching ratio for this process has been found to be about 
4 X 10~^. The ■)]' has two important modes through which it may be detected: 
1]' — s> T^TTTT (followed by ?7 — s> 77) with a product b.r. of 17%, and 77' p°7 (followed 
by p*^ TT^TT^) with a product b.r. of about 30%. Thus the total efficiency can 
approach 47%. Although CLEO's detection efficiency for the rj' is at present only 
about 5% (where so far only the tjitit mode has been used), it is clearly important 
to improve upon this at the 5-factory detectors. For the purpose of our discussion 
we will assume a combined efficiency of 20%, yielding an effective b.r. of 5 x 10~^, 
which includes the b.r. for Kg —>■ tt+tt^. 

''bJ — >■ (pKg: The branching ratio for this decay has not yet been measured, but we 
can estimate its value from measured quantities. The decay B^ — ^ it~K'^, which 
has a branching ratio of 1.5 x 10~^, should be in the same ballpark as Bd — > (pKg. 
Taking into account that ds ~ Kg/ V^, we therefore estimate its branching ratio to 
be in the range of (7 — 15) x 10~^. (This is slightly larger than theoretical estimates 
which also include electroweak penguin contributions []TB[-) Assuming that the is 



detected through its K^K decay mode (49% b.r.), the product branching ratio for 
this decay is ~ (2 — 5) x 10"^. 

The remaining modes — tt'^Ks, p^Kg, ujKs, rjKg — can be analyzed similarly, using the 
decays 7r° ^ 77 (99% b.r.), p° ^ Tr+Tr" (100% b.r.), uj n+n-n^ and tt+tt- (91% b.r.), 
and ?7 ^ 77 (39% b.r.). In this case one needs estimates of the branching ratios and 
of the detection efficiencies for the neutral mesons, which at this point are unknown. A 
reasonable educated guess is that all of these product branching ratios are in the range 
~ (2 — 5) X 10~^. Thus, when all the 6 — s penguin decay modes are added, they could 
have a combined yield of up to 3 x 10~^. This approach is therefore quite promising: it 
may end up requiring just about the same number of -B's as compared to ^E'-ft's? or perhaps 
a factor of two or three more. 

To conclude, our observations are quite simple. B factories are going to measure CP- 
violating asymmetries using B^ and 5^ decays. Although there are a variety of ways of 
detecting the presence of physics beyond the SM, such measurements are sensitive only 
to new physics in Bd-Bd mixing, i.e. in the b d FCNC. However, it is conceivable that 
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the new physics enters only in the b ^ s FCNC, leaving the b ^ d FCNC unaffected. 
Since B factories are not going to be able to measure CP asymmetries in decays, it 
appears that this possibility will remain untested. 

In fact, there is a way of probing new physics in the b s FCNC. In the SM, CP 
asymmetries in Bd "^Kg and b s hadronic penguins both measure the CP angle 
f3. If there is a difference between the measurements of f3 obtained in these two ways, 
this directly indicates the presence of new physics, with new phases, in the b s FCNC. 
In general, this same new physics will affect B^-B^ mixing, and will shown up in CP 
asymmetries involving B^ decays. 

Recent CLEO results are encouraging in this regard. In particular, there is evidence 
that the branching ratio for the decay B^ — > rj'Kg is anomalously large, about 4 x 
10~^. The CP asymmetry measured in this decay probes the CP angle /3 to a very good 
approximation. One can also measure /3 via the CP asymmetries in B^ decays to (f)Ks, 
n^Ks, p^Ks, ojKs, rjKs, etc. The branching ratios for these decays have not yet been 
measured, but are expected to be ~ 5 x 10~^. In principle it should be possible to add up 
the measured CP asymmetries in all these modes to obtain a larger signal. The number 
of S's required to measure /3 using this method may be about the same, or perhaps only 
a factor of 2-3 more, as that needed in the conventional mode, B^ — > ^Ks- In any case, 
it is clear that the branching ratios for b ^ s hadronic penguins are sufficiently large that 
the CP asymmetries in these decays can probably be measured as easily as those used for 
the extraction of the other CP angles a and 7. With this in mind, it will be important 
to maximize the detection efficiency for the 7]'. 

This method is perhaps the only way of detecting the presence of new phases in the 
6 — ^ s FCNC without measuring CP asymmetries in B^ decays, and therefore should be 
a high priority at future B factories. 
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